The synthesis of surface composition-tunable Pt-based octahedral nanoalloys is key to unravel the structureproperty relationship in fuel cells. Herein, we report a facile route to prepare composition-tunable PtCu octahedral nanoalloys by using halogen ions (Br − or/and I − ) as composition modulators. Among these PtCu octahedral nanoalloys, Pt 59 Cu 41 octahedron exhibits the highest catalytic activity and durability in alkaline solution. The specific activity/mass activity of Pt 59 Cu 41 octahedron is 20.25 mA cm −2 /3.24 A mg −1 Pt , which is 6.64/5.3 times higher than commercial Pt black in 0.5 mol L −1 CH 3 OH, respectively. In the case of using ethanol (0.5 mol L −1 ) as fuel source, Pt 59 Cu 41 octahedron shows much better catalytic activity, that is 34.84 mA cm −2 /5.58 A mg −1 Pt
INTRODUCTION
Fuel cells have attracted tremendous attention due to their high energy densities and environment-friendly technique. Among them, alcohol fuel cells (AFCs) are widely concerned by different research groups around the world [1] [2] [3] [4] [5] [6] [7] . Pt-based nanomaterials are commonly used as electrode catalysts in cathode and anode of fuel cells. However, the commercialization of AFCs suffers from not only the high cost of Pt materials, but also the poisoning of Pt-based electrodes caused by CO-like intermediate. Great efforts have been devoted to addressing these issues and many promising progresses have been achieved. One of the most interesting and efficient strategies is to synthesize Pt-M nanoalloys by using cheap transition metal atoms (such as Cu, Co, Ru, and Pb). The introduction of those metal atoms into Pt crystal could significantly improve the durability of Pt materials because of the effective ligand effect and/or synergetic effect [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, Wang's group [18] reported that PtCu nanowires can respectively boost the mass activity of methanol/ethanol oxidation to 1.74/2.1 A mg −1 Pt , together with enhanced durability compared with commercial Pt black in potassium hydroxide (KOH) solution. Xie's group [19] demonstrated enhanced durability and mass activity of 0.515 A mg −1 Pt on octahedral PtCo alloy compared with commercial Pt/C in sulfuric acid medium.
It is well-known that the shape and surface composition of Pt-based nanomaterials are greatly related to their catalytic performances, such as activity and durability [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Therefore, the shape and composition tunable synthesis of Pt-based nanocrystals is key toward optimizing the electrocatalytic performances of alcohols oxidation. Up to now, a variety of synthetic methods have been developed to achieve this goal, by employing surfactants (e.g, oleylamine, oleic acid, poly(ethyleneoxide)b-poly(methyl methacrylate)), small molecules (e.g., amines and carbon monoxide), and halogen anions as structure-directing agents [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . For instance, Dong's group [40] reported the shape-controlled synthesis of PtRu nanoalloys (nanowire, nanorod and nanocube) by changing the surfactants. Sun's group [41] and Wang's group [42] respectively used KI and NaI as structuredirecting agent to achieve hierarchical Pt-Cu superstructures. However, the chemical composition largely depends on the feeding ratio between Pt precursors and other transition metal precursors [43] [44] [45] [46] . Dimitrov et al. [47] recently have reported the synthesis of Pt x Cu 100−x nanocubes by changing the amount of Pt/Cu precursors. Very limited reports have focused on the synthesis of composition tunable Pt-M nanoalloys with the same morphology by changing the structure-directing agents. For example, the {111} faceted octahedral Pt nanoparticles show excellent electrocatalytic activity in fuel cells [48] [49] [50] [51] , which can be attributed to the specific geometry carrying abundant catalytic active sites (e.g, corner, edge and facet). Therefore, the preparation of composition-tunable Pt-based octahedral nanoalloys is a key step, yet challenging, for the applications in fuel cells.
Herein, we report a solvothermal method to synthesize surface composition tunable PtCu octahedrons by using sodium halides (NaBr and NaI) as structure-directing agents. The octahedral PtCu nanoalloys exhibit remarkable electrocatalytic activity and stability toward the electrocatalytic oxidation of methanol/ethanol in alkaline medium. Moreover, in situ Fourier transform infrared spectroscopy (FTIR) was employed to elucidate the intermediates on PtCu nanoalloys during the electrocatalytic reaction in alkaline medium for the first time. Finally, a plausible mechanism is proposed to explain the improved activity and durability of PtCu octahedrons toward methanol/ethanol oxidation in alkaline medium.
EXPERIMENTAL SECTION
Materials NaI (A.R.), NaBr (A.R.), C 2 H 5 OH (99.9%), CH 3 OH (99.5%), KOH (A.R.) and N,N-dimethylformamide (DMF, 99.8%) were obtained from Aladdin. Pd black, Pt black, copper(II) acetylacetonate (Cu(acac) 2 , 97%) and platinum(II) acetylacetonate (Pt(acac) 2 , 97%) were pursued from Sigma-Aldrich. All the chemicals were used as received without further purification.
Synthesis of PtCu octahedral nanocrystals
For Pt 59 Cu 41 nanoalloys, 33 mg NaI, 46 mg NaBr (molar ratio of I − /Br − =1:2) were dissolved in 8 mL N,N-dimethylformamide containing 0.03 mmol Pt(acac) 2 , 0.06 mmol Cu(acac) 2 and 30 mg polyvinyl pyrrolidone, and then the solution was placed in a Teflon-lined stainless-steel autoclave and kept at 150°C for 8 h. The dark products were washed with ethanol through centrifugation at 10,000 rpm for 10 min for several times. Finally, the product was kept in ethanol. The Pt 63 Cu 37 (49.5 mg NaI, 35 mg NaBr (molar ratio of I − /Br − =1:1)), Pt 49 Cu 51 (68.5 mg NaBr) and Pt 45 Cu 55 (99.2 mg NaI) alloyed octahedrons were synthesized using the same process as that of Pt 59 Cu 41 nanoalloys except for the deference of sodium halide. Contents of Pt and Cu in PtCu nanooctahedra were obtained via inductively coupled plasma optical emission spectrometer (ICP-OES) ( Table S1 ).
Measurements of electrocatalytic performance
Electrocatalytic tests were performed by a conventional three-electrode cell equipped with salt bridge using a CHI 760E electrochemical analyzer (CHI Instruments, Shanghai, Chenghua Co., Ltd.) at room temperature. The ultrapure water (18.25 MΩ cm) was used as solvent and purified through a Milli-Q Lab system (Nihon Millipore Ltd.). The glassy carbon (GC, Φ=5 mm) was used as the working electrode. Before the electrochemical test, the alumina powder with size of 0.05 μm was used to polish the GC electrode. The suspension of PtCu nanocrystals was spread on the polished GC electrode, and before the electrode was nearly dried, 1.5 μL of 1.0 wt.% Nafion solution was spread on the electrode surface. A platinum foil and Ag/AgCl electrode were utilized as the counter and reference electrode, respectively. The cyclic voltammograms (CVs) were recorded in N 2 -saturated 0.1 mol L −1 KOH solution or 0.5 mol L −1 KOH + 0.5 mol L −1 methanol/ethanol solution, scanned from −0.8 to 0.2 V at a rate of 50 mV s −1 . The size of these PtCu nanocrystals is uniform, around 14 nm. The crystal phase of these PtCu octahedrons was determined by X-ray powder diffraction (XRD). Fig. 1f displays that there are four typical face-centered cubic (fcc) structure peaks which belongs to (111), (200), (220) and (311) crystal facets (JCPDS-04-0836 and JCPDS-65-2868). And these peaks shift to higher angles as the Cu content increases, which is caused by the incorporation of smaller Cu atoms into the lattice of Pt to form alloy structure and in accordance with Vegard's law [41] [42] [44] [45] . It leads to the lattice contraction of PtCu nanoalloys associated with surface strain, which will enhance the catalytic performances of metal nanocrystals (Table 1) [ [52] [53] [54] [55] . The lattice fringes of Pt 59 Cu 41 nanocrystals are clearly shown in Fig. 2a , b, with a lattice spacing of 0.216 nm, showing that the nanocrystals are bounded by {111} facets. The scanning TEM (STEM) image in Fig. 3a also indicates the PtCu nanocrystals are octahedral. Elemental mapping analysis ( Fig. 3b-d) shows the Pt and Cu atoms have a uniform distribution in the nanocrystals, which also implies that the octahedral PtCu nanocrystals have alloy structure. As a sensitive technology for measuring the surface of materials, X-Ray photoelectron spectroscopy (XPS) is widely utilized to analyze the electronic structure and surface composition of substances within 2.0 nm. The two peaks centered at 71.5 and 74.8 eV for the Pt 59 Cu 41 sample can be identified for the Pt 4f 7/2 and Pt 4f 5/2 (Fig. 4a ). The binding energy for Pt 4f in the Pt 59 Cu 41 sample has a positive shift, around 0.3 eV, compared with pure Pt (Pt 4f 7/2 : 71.2 eV and Pt 4f 5/2 : 74.5 eV). This implies that the d-band center of Pt has a downshift due to the introduced Cu atoms [11] . The binding energies of Cu 2p 3/2 and Cu 2p 1/2 are located at 932.1 and 952.1 eV for the Pt 59 Cu 41 sample (Fig. 4b ), which negatively shift to a lower value compared with pure Cu (Cu 2p 3/2 : 932.5 eV, and Cu 2p 1/2 : 952.5 eV). The analysis results of XPS demonstrate that Pt and Cu atoms coexist in nano surface and these exotic atoms have a strong electron interaction, which will build the synergistic active sites and improve the activity and durability of electrocatalysts [11, 53, 56] .
RESULTS AND DISCUSSION

Structure characterizations
Electrochemical measurements
The electrocatalytic performances of PtCu nanoalloys were investigated in alkaline solution with commercial Pt black as a contrast. The PtCu octahedral nanoalloys displayed a composition-dependent electrocatalytic perfor-mance ( Fig. S1 and Fig. 5 ).
The specific activity (SA) that stands for intrinsic electrocatalytic capacity of an electrocatalyst is generally accepted to compare the electrocatalytic activities of catalysts with different surface compositions. For methanol oxidation, the SA of commercial Pd black, commercial Pt black, Pt 63 Cu 37 , Pt 59 Cu 41 , Pt 49 Cu 51 and Pt 45 Cu 55 nanoalloys is 3.21, 3.05, 17.05, 20.25, 9.4 and 8.59 mA cm −2 , respectively (Fig. 5a, b and Fig. S3b) Pt , respectively. Among them, the Pt 59 Cu 41 nanoalloys display the best SA/MA, 6.30/5.63 and 9.16/7.34 times higher than commercial Pd black and Pt black, respectively. Meanwhile, the onset potential of methanol/ethanol oxidation (Fig. 5a , c, inset) shows that the reaction dynamics of Pt 59 Cu 41 octahedrons is much faster than that of commercial Pt black, which results in much better catalytic activity of Pt 59 Cu 41 octahedral nanoalloys than that of commercial Pt black. The current-time (i-t) tests show that the durability of PtCu nanoalloys is better than that of Pt/Pd black for both methanol and ethanol electrooxidation (Fig. 5e, f and Fig. S3d, S3g ). It is worth noting that the durability of PtCu nanoalloys for methanol oxidation is obviously better than that for ethanol oxidation. After 3600 s, for methanol/ethanol oxidation, the remaining current density of Pt 49 (Fig. 6a, b) , the electrochemically active surface areas (ECSA) of Pt 59 Cu 41 nanoalloys and Pt black only decrease by 1.2% and 17.25%, respectively, relative to initial ECSA, which also indicates the Pt 59 Cu 41 nanoalloys have a better durability than commercial Pt black. The regeneration capacity of catalyst has also been generally used to evaluate the performance of catalyst. As shown in Fig. 6c-f . S4 ). It is worth pointing out that these values are competitive compared with previous reports (Tables S2  and S3 ) [43, 44, [57] [58] [59] [60] [61] [62] [63] . are attributed to formate [65] . Two peaks around 1380 cm −1 are observed on Pt black from −0.5 to −0.3 V, which are the typical peaks of formate (Fig. 7a) ; however, this phenomenon is not observed on octahedral Pt 59 Cu 41 nanoalloys (Fig. 7b) , and a strong peak of carbonate ap- Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ARTICLES pears at −0.6 V, which implies that carbonate is directly formed on octahedral Pt 59 Cu 41 nanoalloys. Peaks around 2340 cm −1 belong to carbon dioxide [66] , and Pt black has a stronger carbon dioxide peak than octahedral Pt 59 Cu 41 nanoalloys, which indicates carbon dioxides are strongly adsorbed on Pt black and occupy the catalytic active sites, leading to less activity and durability than octahedral Pt 59 Cu 41 nanoalloys. Another interesting phenomenon is, with the increase of potential, the peaks of carbon dioxide are much stronger on Pt black than that on octahedral Pt 59 Cu 41 nanoalloys. However, the peaks of carbonate on Pt black are much weaker than that on octahedral Pt 59 Cu 41 nanoalloys. These phenomena imply that the carbon dioxide adsorbs more strongly on the surface of Pt black and is harder to convert to carbonate. While the carbon dioxide adsorbs weakly on the surface of octahedral Pt 59 Cu 41 nanoalloys and is more easily converted to carbonate, thus releasing the catalytic active sites and having higher energy conversion efficiency. On the other hand, water consumption bands are in the range of 2500-3000 and 1700-2000 cm −1 (Fig. 7a, b) , the intensities of water consumption bands on octahedral Pt 59 Cu 41 nanoalloys are obviously higher than Pt black, indicating the better ability of Pt 59 Cu 41 nanoalloys in activating water than Pt black, producing more reactive oxygen species and resulting in much higher catalytic activity. As for ethanol electrooxidation (Fig. 7c, d and Table 2 ), the symmetric and antisymmetric stretching vibrations of acetate anion appeared at around 1420 and 1550 cm −1 , respectively. The intensities of the two peaks are almost the same, generally accepted as the standard peak of acetate [67] . At −0.7 V, We can observe the two peaks of acetic acid and water consumption bands on octahedral Pt 59 Cu 41 nanoalloys, but not on Pt black, indicating that the octahedral Pt 59 Cu 41 nanoalloys can activate water and ethanol more easily, leading to better . . . . . . . . . . . . . . . . . . . . . . . . . Compared with ethanol oxidation (Reaction 3), methanol is prone to completely oxidized to CO 2 and only forms a small amount of carboxylate (Reaction 4), and thus the durability on octahedral Pt 59 Cu 41 nanoalloys toward methanol oxidation is much better than that toward ethanol oxidation [67] . Pt toward ethanol oxidation, in 1.0 mol L −1 methanol/ethanol solution, respectively. These values are much higher than that of commercial Pt/ Pd black. The in situ FTIR spectroscopy indicated that the Pt 59 Cu 41 octahedral nanoalloys show better capacity to activate water and methanol/ethanol, and as a result, less CO-like poisoning intermediates will be adsorbed on the surfaces of Pt 59 Cu 41 octahedral nanoalloy, compared with commercial Pt black. Moreover, Pt 59 Cu 41 octahedral nanoalloys are able to break C-C bonds of ethanol more easily than commercial Pt black. Our studies not only offer a simple route for the preparation of compositiontunable PtCu octahedral nanoalloys, but also give insights into the structural evidences in terms of activity and durability for both methanol and ethanol electrooxidation in alkaline medium.
In situ FTIR spectra of methanol/ethanol oxidation
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